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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDIM

CORRELATION OF ANATOG SOLUTIONS WITH EXPERIMENTAL SEA-LEVEL
TRANSTENT DATA FOR CONTROLLED TURBINE-PROPELIER ENGINE
INCLUDING ANALOG RESULTS AT ALTITUDES

By James lazar and Wilfred L. DeRocher, Jr.

SUMMARY

A satisfactory correlation was obtalned between experimental sea-
level transient data at constant flight speed and solutions from the
analog representation. The analog representation is accomplished by
tranafer functlons that were formed from a frequency-response analysis
of the experimental transient date as obtained from the controlled
engine, Thilg snalog representation was then used to compute system
regponse at altituds,

The engine-control system with an unmderdemped sea-level turbine-
speed response and fixed-control constants resulted 1n an oscillatory
system at 35,000 feet. Variation of control constants to maintain
gea~level turbine-speed response at all albtitudes resulted in large
blade-angle initlal overshoot at 35,000 feet. This large blade-angle
overshoot may result 1n over torgue at 35,000 feet if the sea-level
overshoot approaches maximum ellowable torque. Variation of control
congtants to maintaln system loop gain and ratio of englne time
constant to control time constent at sea-level values resulted in a
glmilar initial turbine epeed and blade-angle overshoots at 35,000 feet,
but in an Increase Iln the time required for turblne speed to :E‘irst
reach 1ts final value.

INTRODUCTION

Barly flight tests of controlled turbine-propeller englnes indi-
cated that a controlled englne system that l1s stdble at low altltudes
and low flight speeds is not necessarily steble at high altltudes and
high flight speeds (reference 1). In collaboration with the Air
Msteriel Commend, U. S. Air Force, an investlgation wes Initiated at
the NACA lewls laboratory to study reasons for the trend toward
instabllity with increase in altltude and fllght speed, to provide
a means for predicting the altitude behavior on a controlled turbine-
propeller engine, and to indicate means for avolding lnstebility at
altitude or high flight speed.

SN UNCLASSIFIED
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In order to accomplish the objectives of this progrem, the Ailr
Materiel Command provided the NACA with turbine-propeller engines and T
geveral types of control system. The first phase of this engine
investigation showed that the dynamic relation of turbine speed to
fuel flow or blade angle is approximately a first-order lag and that
linear differential equations are applicable over the mea-level
gtatic operating range of the T31l-l turbine-propeller engine
(reference 2).

211!

Thig report presents the correlation of anmlog sclutions with
experimental sea~level transient data Ffor the Aeroproducts AT-1
(modified) conbtrol on the T31l-l engine and analog results for alti-
tude conditions at zero ram. The control varies blade angle to
obtain a desired turblne speed whlle the power output of the engine
ig varied by adjusting the engine fuel flow. The control ls essen-
tially integral plus proportionsal in action and was modified by the
menufacturer at the request of the NACA so that the amount of
Integral and the amount of proporticnal action could be varied.

Tranglent-responge data for the engine and the control were
obtalned from operation of the controlled engine system in a sea-
level static test stand. A transfer~functlon representation of each
of the loop components was determined from analysis of the transient
data. These component transfer functions were used to represent the
gystem on an analog and because the comparison of analog solutions
and experimental data was satisfactory, the transfer functions were
uged to study the altlitude response of the system. The anslog repre-
sentatlion was first used to investigate the effect of altitude on the
controlled engine system with fixed control constants. In addition,
two methods of varying the control constants to compensate for the
effect of altitude on the system were studied.

APPARATUS AND INSTRUMENTATION

Engine .
Type Turbine propeller, T31l-1 . C
Compressor o ) . Axial flow -
Burner sectlon Nine reverse-flow combustion T
chambers
Turbine Single stage, mixed flow
Exhaust nozzle Fixed area
Speed range 11,000 to 13,000 rpm

Maximum turbine-outlet temperature 1265° F
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Type
Diameter
Beta arm

Action

Pitch-change mechanism

Type

Action

Control mechanlism
Modifications

T - 3

Propeller

Aeroproduncts AS542F-17

12 feet, 1 inch

Input lever for propeller-pltch-
change mechanism

Proporticonal relation between beta
arm and blade angle

Hydraulle, self contalned

Control

Aeroproducts AT-1 (modified)
Proportional plus integral
Hydreulic, self contained
Proportional and integral constants
were provided wlth range of
ad justments by Aeroproducts Divi-
sion of General Motors Corporation

Steady-State Instruments

Turblne speed

Engine fuel flow
Propeller~blade angle
Speed-getting-lever position

Load torque

Turbine-cutlet temperature

a-c. tachometer generator coupled
to0 drag-type tachometer indicator;
maximum error x1/3 of 1 percent
for full scale

Calibrated A.S.M.E. sharp-edged
orifice wlth bellows-type differ-
entlal pressure gage; maximum
error i1 percent of full scale

Position circuit (fig. 1); maximum
error +1/2°

Position clrcuit (fig. 1); maximam
error zl1 percent of full scale

0il pressure of self-balancing
hydraulic system, which acts on
ring gear in reduction unit; max-
imum error +1 percent of full scale

Chromel-alumel thermocouple; maximum
error +20° F
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Transient Instruments

Turbine speed d-c. tachometer generator with £il-
ter clrcuit to oscillograph gal-
vanometer; bresk frequency of f£il-
ter circuit, 0.53 cycle per second

Engine fuel flow Position circuit (fig. 1); potenti-
ocmeter connected to polnter of
differentlal pressure gage con-
nected to A.S.M.E. sharp-edged
orifice; natural frequency,

10 to 15 cycles per second

Propeller-blade angle Poeition circuit (fig. 1); potenti-
ometer connected to blade shank;
slip-ring device used for elec-
trical connection; natural fre-
quency of osclllograph element,

40 cycles per second

Speed.-setting-lever position Position circuilt (fig. 1); natural
frequency of oscillograph
element, 40 cycles per second

Propeller-input-lever (beta arm) Position circult (fig. 1); natural

position frequency of oscillograph
element, 40-cycles—per-second
Turbine-outlet temperature Chromel-alumel thermocouple; break
frequency, 0.1 cycle per second
Transient-data recorder Photorecording oscillograph with crit-

ically damped 40-cycles-per-second
galvanometer elements (changes
recorded from initlal operating
point). Bach oscillogram was cali-
brated by photographs of steady-
state instruments taken before
and after each run.

Time scale 10 cycles per second; voltage from
audio-oscillator. Checked by
60 cycles-per-second line frequency.

DETERMINATION OF TRANSFER FUNCTIONS

For purposes of analysis, the engine and the control system are
represented by the block diagram of figure 2. All symbols are defined
in the appendix. Each of the system components, control, propeller-
pitch-change mechanism, engine, and speed-measuring instrument, are
indicated by a block. In each of the blocks, the transfer '

)
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function KG(iw) relates the output to the input of that particular
block (referemce 3). Speed error is formed by a comparison of
required speed and measured speed. The power output of the engine is
varied by the englne fuel flow. -

The determination of the transfer function for each component
of the control system wae necessary for the analog studies. Thres
steps were used to determine the transfer functions: obtaining con-
trolled engine experimental transient-response data, harmonic anal-
¥sils and frequency-response calculatlions, and Pitting the transfer
functions to the frequency-response data. )

Transient response of controlled system to disturbances in
speed setting., ~ It was desired to determine the transfer functlons
of speed to blade angle, blade angle to beta arm, and beta arm to
speed error. Translent changes in turbine speed, blade angle, beta
arm, and speed setting were recorded on a photorecording oscillograph
for ramp-type disturbances in speed setting. The engine fuel flow
was maintained constant throughout these runs. These transient data
were obtained for various values of the integral and proportlonal
control constents,which conld be varied independently by two sorew-
type adjustments. An example of a transient run is shown in
flgure 3, which includes the 1l0-cycle~per-second timing marks.
Contact with successive turns on the winding of the potentlometers
created the mmltitude of small steps in the itraces of speed setting,
blade angle, and beta arm. The temperature trace is not sufficlently
accurate to be useful because of the low sensltivlity.

Harmonic analysls and frequency regponse. - In order to deter-
mine the transfer functlon of each system component (fig. 2), the
frequency characteristic of each component was formed. The trans-
formation from the time domain to the frequency domain was accom-
plished by harmonic analysis. Methods of harmonlc analysis that are
used in this report and that epply to gas-turbine engines are dis-
cussed in reference 4., For this partlicular work, the lntegrals of
the harmonic analysis were evaluated using Bickley's approximation
formula for six differences with an IBM dlgital computer.

Resulte of the hexrmonic analysls of the input and output to each
component are combined to compute the frequency characteristic. The
frequency characteristic mey be represented by the amplitude ratio
and the phase angle of the output with respect to the input of the
component as & function of fregquency. The phase angle and the log-
arithm of the amplitude ratioc were plotted against the logarithm
of the frequency for each of the components,as is shown in figure 4.
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Frequency-response data for the engine and the speed-measuring instru-
ment are shown in figures 4(a) and 4(b), for the propeller-pitch-
change mechanism in figures 4(c) and 4(d), and for the conirol in
figures 4(e) and 4(f). Figure 4 is discussed in greater detall in
the next sectlon.

Transfer functions of system components. - A transfer function
may be consldered as a function of frequency and thus a frequency
characteristic can be prepared for each transfer function. Conversely,
each frequency characteristic may be represented by a transfer function.

For the englne and the speed-measuring lnstrument, the frequency
characteristic as defined by the data points in figures 4(a) and 4(b)
indicates that the transfer functlon may be two lags In serles. The
form of the transfer functlon 1s

[o(w)] J[Re(w]] . = ( T +;f§»)(1 j:r“’) (1)

From equation (1), the amplitude ratio A and the phase angle ¢
written as funoctions of frequency w are

1 1
A KQK};/ (}_+‘Te 2(»2) ( 14T rzwz) 2)

..w('re-l—‘rr)

2
]_-‘l‘eTr w

and

¢ = tan~i (3)

Equation (3) may be written for values of w at =452 and at -90°
from figure 4(b) and the two simnltaneous equations solved for engine
and speed-measuring time constants, T, and T,, respectlvely. The

value of speed-measuring-instrument gain X, 1s 1l so that the steady-
state value of the measured turbine speed N, 1is the actual turbine
speed N,. The engine gain K, is the ratioc of the steady-state

change in turblne speed to the steady-state change in blade angle f.
The negative sign before K, in equation (1) is the result of an

increase in speed due to & decrease in blade angle. Equatioms (2)
and (3) with appropriate values of the constants have been plotted
as the dashed lines in figures 4(a) and 4(b), respectively. For
frequencies less than 2 radians per second, the variation between
the experimental frequency characteristlc and the transfer-function

2114



yiie

NACA RM E51BO8 L 7

approximation is in the order of 2 percent in the amplitude ratio
against frequency plot (fig. 4(a)) and in the order of 4° in the
phase angle against frequency plot (fig. 4(b)). Reference 2 and
more recent data Indlcate that the transfer Punction of turbine
speed to blade angle 1s a first-order lag, thus the sgecond lag is
ettributed to the speed-measuring instrument.

The action of the propeller-pltch-change mechanism is such
that a position of the input (beta arm) results in a corresponding
position of the output (blade angle). An examination of transient
data indicated that the propeller-pltch-change mochanism had a dead
band and also & lag due to the hydranulic amplifier. The dead-band
effect can be observed in figure 3 where the blade angle does not
move until the beta arm has arrived at soms value. As these non-
linearities are not easlly represented, a first-order lag

K
Dm}(ﬂui]ﬁ = i:g%g; was assumed to represent the transfer function

for the propeller-pltch-change mechanism. The varilation In time
constant Por a series of runs was determined using the 22.5° point
on the plot of phase angle against frequency. The time constant
fell in the range of 0.2 to 0.45 second with 0.3 second as an
average. The propeller-pitch-changs-mechanlism gain KB was made

unity so that the unlis could all be combined in the proportional
and integrel constants of the control. The frequenocy characteristic
of the propeller-plich-change-mechanism transfer functlon approxima-

tion [KG(iw)] ﬁ"ﬂ{%‘ﬁ' is plotted as the dashed lines of

figures 4(c) and 4(d). TFor frequenciles less than 2 radians per
second, the varlatlon between the transfer-function approximation
and ths frequency characteristic 1s of the order of 20 percent for
the amplitude ratio sgainst frequency plot in figure 4(c) and of
the order of 6° for the phase angle against frequency plot of
Pigure 4(d).

The data points in figures 4(e) and 4(f) define the frequency
characteristic of the control and indicate thet the form of the
control transfer function should be integral plus proportional,
that is,

[Re(w)] ; = -(Kp%) = -Kp(l-?;lc_w) (4)
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where the control time constant T, 1is equal to control proportional
congtant Kﬁ divided by control Integral comstant X;. From equa-
tion (4), the amplitude ratio and phase angle are

2
A sz+i_j:§. (5)

and
¢ = ta.n'l-?—;a - : (6)

The amplitude ratio aﬁproaches Kb as W approaches infinity.
The value of Kp is taken as the value of the amplitude ratlio at the

higher frequencies of Figure 4(e). Scale factors for the amplitude
reatio are determined from the calibration of the experimental transient
runs. Also from eguation (5), the amplitude ratio ie approximately
equal to K;/w for low values of freguency. For a value of

determined from the high frequencies in figure 4(e) and a value of K,

determined from the low frequencies in Pigure 4(e), the resulting fre-
quency characteristlc of the transfer function d4id not agree too well
with the experimental frequency characteristic ams defined by the data
points in figures 4(e) and 4(f). An exasmination of the accuracy of
the method used to compute the experimental frequency characteristic
of figures 4(e) and 4(f) indicated that inaccuracies were more prob-
able in the low~-frequency range. These lnaccuracles are due to the
fact that a small error In elther speed setting or turbine speed,
when these gunantities are approximately equal, means a largs error

in their difference. Because of this inaccuracy, the dotted lines

of figures 4(e) and 4(f) were obtained by substituting other values
of K; 1into equations (5) and (6) until a reasonable approximation

wag found. For frequencies less than 2 radlane per second, the
varlation between the transfer-function approximation and the exper-
imental frequency characteristlic is of the order of 20 percent for
the amplitude ratio against frequency plot in filgure 4(e) and of
the order of 14° for the phase angle against frequency plot in
figure 4(f).

Range of control constants. - It 18 possible to adjust inde~
pendently the values of the Integral and proportional constants for
the control by two screw-type adjustments. The proportional setting
is defined &s the number of turns of the adjusting screw from its
full-out position and the integral settling is deflned as the number

¥ite
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of turns of the adjusting screw from 1ts full-in position. Several
runs were made at each setting of the control adjusting screws. The
results of these runs are presented in the control calibration curves
(figs. 5(a) and 5(b)). The proportlional constant may be varied from
approximately 0.004° to 0.0085° per rpm and the integral constant
from approximately 0.0025° to 0.0061° per second per rpm. For any
position of the control adjusting screws, the valuss of the propor-
tional and integral constents may vary as much as 15 percent from
the values as given by curves ln figure 5. This error is due in
pert to a steady-state instrumentatlon error of 110 percent of the
transient change and in part to an inability to measure the actual
input (speed error) to the control.

COMPARISON OF ANALOG SOIUTIONS WITH EXPERIMENTAIL DATA

The transfer functions were used as a basis to form an asnalog
of the system. Analog solutions were obtained for comperison.with
experimental translent data to determine the wvalldity of the repre-
sentation.

An electronic-type analog was used in this study. The analog
block diagram is similar to the control-system block dlagram presented
in Pigure 2. Scale factors were determined from the criterion that
loop gaing for the real and analog systems be identical. The max-
imum time for the analog to complete a solution determined the time
scale factor. Analog solutions are displayed in the form of +traces
on a cathode-ray oscilloscope with time as the abscissa and a system
parameter as the ordinate.

A comparlson of camputed and experimental transient response
data is shown in figure 6. For the experimental transient data
(figs. 6(a) and 6(b)), the control constants were set close to
thelr meximum values and for the experimental transient dats
(figs. 8(c) and 6(d)), the setting was close to minimum values.
The transfer functions and thelr constants for the analog solutions
of figure 8 were determined by the preceding method from the
experimental transient data. In all cases, the number of oscilla-
tions and the percentage overshoot of the analog sclutions and the
experimental transient date were similar. The deviation of the
analog solutlions from the experimental data is partly due to the
nonllinearities of the propeller-pitch-change mechanlism. One of
these nonlinsarities 1s indicated in the photorecording oscillo-
graph trace of figure 3 as the time elapsed from the initial beta-
arm movement to the initial blade-angle movement. If the analog
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golutions are translated to the right by the amount of this elapsed
time, about 0.3 second, a much better agreement between the analog
solutions and the experimental transient data will be obtalned.

As the agreement between the analog solutions and experimentel
transient date is considered to be satisfactory, an analog investl-
gation of response at altitude could be madse.

ALTITUDE RESPONSE OF CONTROLLED SYSTEM

For the englne, there are two factors that vary with altltude
under condltions of constent flight speed: (1) the engine gain
factor, and (2) the engine time constant. The engine time constant
has been shown anslytically to vary with altitude pressure and tem-
pereture (reference 5) in accordance with the following relation:

Neo

Te =Te,corr —§

©

where T, 1s the engine time consteant for emny altitude, Tg,corr

is the time constant for NACA standard sea-level conditions, © 1is
the temperature ratio, and d 1is the pressure correctlon factor.
This relation has alsoc been experimentally verified at this labor-
atory. Correctlion factors are also applled to the engine gain as
Tollows R

Moo a1 _Ke

K = . i T ——
e,corr ABCOI‘I‘ ﬂ F‘e AB NQ_

or
K, = Ke,corr A

where K, 1s the engine gain at any altitude and Ke,corr is the

engine gain at NACA stendard sea-level conditions. Based on NACA
standard altitude tebles, the variation in engine time constant
from sea level to 35,000 feet is 371 percent of its sea-level valus,
whereas the variation in engine gain factor fram see level to
35,000 feet is only 13 percent.

For analog studies, a single sea-level value of engine time
constant wes considered. This requires an exemination of the
values of the engine time constant throughout the sea-level oper-
ating range of the englne. Sea~level eqpilibrium characteristics
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of the T3l-1l engine with the Aeroproducts AS42F-17 propeller are
shown 1n figure 7 where load torgue, referred to the turbine, is
plotted against turbine speed for lines of comstant blade angle

and for lines of constant fuel flow. The acute angle between the
intersection of a line of constant fuel flow and & line of constant
blade angle has been shown to be indicative of the englne time con-
stant (reference 2). It can be seen that variation of this angle is
less than two to one; thus the variation of the englne time constant
wlll also be in the order of two to ome. As the variation in engine
time constant 1s not large, a representative value of 2.9 seconds was
chosen and a single study performed for thils operating point.
Another factor is that fuel-flow disturbances are not considered in
the analog studles because the stablliity of a linear system may be
studied by means of elther fuel flow or speed-setting disturbances.
In thls report, only speed-setting disturbances were investigated.

Altitude pressure and temperature were not sensed by the
original control component, thus the control constants do not vary
with altitude. In order to investigate the condition of control
constants Invariant with altitude, analog solutions for turbine-
speed and blade-angle response were obtained for sea level,

25,000 feot, and 35,000 feet.

The system response was also Investigated for two methods of
control compensation at 35,000 feet. These two methods of control
compensation are: (1) control constants varied to maintain the
sea-level turbine-speed response at all altitudes, and (2) control
congtantes varled to maintain the sea-~level loop gain and the ratio
of engine time constant to control time constant at all altitudes.

Control constants invariant with altitude, - The control con-
stants were not deslgned to vary with altltude or flight speed, thus
the system response was investigated for the condition of fixed
control constants assuming constant flight speed., For this condi-
tlon, only the engins gain factor and engine time constant vary
with altitude. The valuss of the component constants and the
regponse of turbine speed and blade angle to a sudden change in
speed setting for the three altitudes are shown 1n figures 8(a)
and 8(b). The system becomes more oscillatory as the altitude
is increased as shown in figure 8(a), and the initial tburbine-
speed overshoot at 35,000 feet ls twice the initial overshoot
at sea level. In addition, as the altitude increases from sea
level to 35,000 feet, the time for turbine speed to initially
reach 1ts final value lincreases from 1 second to 3.5 seconds and
the time for turbine speed to settle out at 1ts £inal wvalue
Increases from 12 seconds to 65 seconds, The blade-angle response
curves of figure 8(b) show the same forms of oscillation as the
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speed response curves; also, the initial ovarshoot at 35,000 feet is
approximately twice the initial overshoot at sea level. Variation in
the final value of blade angle is due to the change in the engine gain
factor with altitvde. It should be noted that the effect of variation
in £light speed is not considered in thie report.

An engine snd control system, if operated as shown by the turbine-
speed and blade-angle responses of figures 8(a) and 8(b) for
35,000 feet, could be seriously damaged, particularly when operated
near the speed 1limit, Thus, this system with an underdamped sea-level
turblne-speed response and fixed control constante may result in an
unsefe system at 35,000 feet. If the control comstants had been
chosen to glve a slightly under-dasmped. system at 35,000 feet and were
invariant wilth altitude, then an overdamped system with a very long
time to reach its final value would result at sea level.

Control comstants varied to maintalin sea-level turbine-speed
rogponse at-all altitudes. - One of the primary difficulties with the
sygtem when the control constants were f£lxsd was the wldely varing
speed response wlth altitude under conditions of constant £light
velocity., Because of this veriation in speed response wlith fixed
control constants, an investigation was conducted to determine the
values of control cangtants that would result in sea-level turbine-
gpeed response at 35,000 feet, The values of loop constants and the
turbine-speed and blad.e -angle responses for 35,000 feet are shown in
figures 9(a) and 9(b) as curve 2. Turbine—speecl response ag shown
by curve 2 (fig. 9(a)) is identical to the smea-level turbine-speed
response, curve 1, However, the blade-angle response as shown by
curve 2 is very dlfferent from the sea-level blade-angle respomse,
curve 1 (fig. 9(b)). The blade-angle initial overshoot is 650 per-
cent of final blade-engle change and the blade-sngle 1nitisl undershoct
is 100 percent of final blade-angle change at 35,000 feet. These high
values of blade-angle overshcot and undershoot could. regult in exces-
sive torques and possible damage to the reductlon gearing. At
increased altitudes, however, an increase in blade-angle overshoot
over that at sea level can be tolerated because of altitude density

reductlons,

The advantage of this system is the identical speed response at
all altitudes. The disadvantages are the excessive blade-angle initial
overshoot and initial wmdershoot at high altitude and thse complication
of additional sensing snd computing equipment in the control to attain
the altitude compensation.

Control constant varied to melntain sea-level loop gain and ratilo
of engine time conatant to conitrol time constant at all altitudes. -
Another method of altlitude compensatlon Investigated was the condition
of fixed loop gain and fixed ratio of engine time comstant to control

14//7
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time constant, In general, if the loop gain and the time con-

stant ratio are fixed, then the response will be similar at all
altitudes. However, at an altitude of 35,000 feet, the propeller-
pltch~change-mechanism lag and the turblne-speed-recording lag become
ingignificant with respect to the lncreased engline and control time
constants, and the response 1ls less oscillatory at 35,000 feet than at
gea level. The values of the loop constants and the turbine-speed and
blade-angle responses for 35,000 feet are shown in figures 9(a) and 9(b)
as curve 3. :

The inltlal overshoot of the speed response st 35,000 feet as
shown by curve 3 i1s less than the initial overshoot of the speed
response at sea level, as shown by curve 1 (fig. 9(a)). However, the.
time for turbine speed to Initlally reach its final velue at
35,000 feet 1s about 3 seconds as compared ‘to only about 1 second at
gea level., The inltlal blade-angle overshoot at 35,000 feet is 110 per-
cent of the final blade-angle change as shown by curve 3 and 140 percent
at sea level, curve 1 (fig. 9(b)). The disadventages are the increasing
rise time from see level to 35,000 feet and the need for altltude
sensing snd computing equipment, A faster rise time may be achleved at
35,000 feet if a more osclllatory system can be tolerated at sea level,

SUMMARY OF RESULTS

An anslog representation of a turblne-propeller englne and control
system was formulated from sen-level statlc experlmental transient
data, A satisfactory correlation was obtalned bhetween analog solubtlons
and the sxperimental transient date. The analog representation was
used to compute system response at altltude from which the followlng
conclusions may be drawn: ’

1, The actual engine-control system wlith an underdamped turbine-
speed response at sea level and fixed control constants resulted in
twice the initial turblne-speed overshoot at 35,000 feet as at sea-
level and ‘the time for turbine speed to settle out at its final value
increased from approximately 12 seconds at sea level to about
65 seconds at 35,000 feet.

2. Variatlon of control constants to maintain sea-level turbine-
gpeed response st all altitudes resulied 1n the inltial blade-angle
overshoot increasing from 140 percent of final blade-angle change at
sea level to 850 percent at 35,000 feet.

3, Varlatlon of control constants to maintain system loop gain
and ratio of engins time constant to control time constant at sea-level
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values resulted in simlilar initiel turbine-speed and blade-angle over-
ghoots &t all sltitudes, but an increase In the time required for
turbine speed to first reach its final value from 1 second at sea
level to 3 seconds at 35,000 feet, However, if a more oscillatory
gystem may be tolerated at 35,000 feet, thls method mey be modified
to provide a faster rise time at 35,000 feet.

Lewls Flight Propulsion Laboratory,
Netlonal Advisory Committee for Aeronautlcs,
Cleveland, Ohilo,
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APPENDIX - SYMBOLS
emplitude ratio, |KG(iw)]

control transfer function

engine transfer function

speed -measuring-instrument transfer function
propeller-pitch-change-mechanism transfer function

function of 31w representing time dependent part of
transfer function

constant or frequency invariant portion of transfer functlon
engine gain, rpm/deg B

control integral comstent, QES;%éEEE

control proportional constant, deg B/rpm
speed-measuring-instrument gain, rpm/rpm
propeller~-pltch-change-mechanism gain, deg B/deg B

actual turbine speed, rpm

measured turbine speed, rpm
turbine-speed setting, rpm

load torque referred to turbine, £t-1b
fuel flow, 1b/hr

imaginary number, 12 = -1
propeller~blade angle, deg

propeller beta arm, deg



18 ] NACA RM ES1B0B
e - temperature corrsction factor,
amblent static temperature
NACA standard sea-level temperature
o) pressure correction factor,
. amblent static pressure
NACA standard sea-level pressure
) hase angle, tan~l lmeglnary pert of KG(iw)
P : ’ real part of XKG(iw)
Te control time constant, sec
To engine time constant, sec
T speed-measuring time constent, sec
TB propeller-pitch-change-mschanism time constant, sec
W frequency, radians/sec
Subsecripts:
corr altitude corrected value
REFERENCES
1. Davis, Frank W.: Problems of Gas-Turbine-Propeller Cambina-

tlons. Aero. Eng. Rev., vol. 7, no. 4, April 1948, pp. 30-38B.

Taylor, Burt L., III, and Oppenheimer, Frank L.: Investigation
of Frequency-Reasponse Characteristics of Engine Speed for a
Typical Turbine~Propeller Engine. NACA TN 2184, 1850.

Brown, Gordon S., and Campbell, Donald P.: Princlples of Servo-
mechanisms. dJohn Wiley & Sons, Inc., 1948.

LaVerne, Melvin E., and Boksenbom, Aaron S.: Frequency Response
of Linear Systems from Translient Data. NACA Rep. 977, 1850.
(Formerly NACA TN 1935, )

Otto, Edward W., and Taylor, Burt L., III: Dynamics of a

Turbojet Engine Considered as a Quasi-Static System.
NACA TN 2091, 1850.
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Filgure 1. - Schematic diagram of typloal steady-state and

transient position measuring elrcult,
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pitch~change neasuring
mechanism ipetrument
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Figure 2., - Block dlagram of turbine-speed - blade-angle control on turblne-propeller engine for
analysls and analog studles.
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Flgars 3. - Typical transient recording shoving system respouses to ramp-typo disturbance In wpead setting with conatant fuel flow for
turbline-propeller engins and turbins-speed - blade-angls cantrol aystem.
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O Harmonio amalysls of transient data
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~=—== Transfer functlion K, K,
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Frequenoy, w, radians/sec W

{(2) Engine and speed-measuring instrument amplitnde ratio relation.
Flgure 4. - Frequenoy characteristic of system components as determined from harmonic analysis of
experimontal transient response to ramp-type disturbences in speed setting with comstant fuel

Tlow and as approximated by tranafer functions for turbine-propeller engine and turbine-speed -
blade-angle control system.
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Flgure 4. - Continned. Frequancy charmstaristlc of system ocomponsnte as determined from hermonic analysism of experimental
trenslent response to yamp-type disturbances in speed eetting with comstant fuel floy mand aa apprarimated by tranafar
Tunctions for turbins-propeller engine end turbine-spoed - blade-angle control system.
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8 O Harmonlc analysis of transient data KB
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(c) Propeller-pitch-change mechaniem amplitude ratio relation.

Figure 4. - Continued. Frequency charecteristic of system components as determined from
barmonic analysis of experimental transient regponse to ramp-type disturbances in speed
setting with constant fuel flow and as approximated by transfer functions for turbine-
propeller engine and turbine-speed - blade-angle control systenm,
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: O Harmonic analysis of translent data K
——— Tranafer function appraximation, |'_._I(I}(1tu3):|‘5 = m-%,
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(4) Propeller-pitch~changs mechanism phase angle relation, Eﬁg

Figore 4. - Continued, Frequency pharacteristic of system components aas determined from harmonic analysis of sxperimental
transient response to ramp-type disturbances in apeed setting with constant fue] flow and as epproximated by tranafer
functions for turbine-propeller engine and turbine-spesd - blade-angle comtrol system.

SOFISE WY VOVH

2



-4 0 Harmonio analysis of transient data K,
Transfer function approximation, [KG(iu))-_Ic = - (Kp + TG)
o)
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(e) Control amplitude ratio relation. W

Flgure 4. - Continued. Frequency charecteristic of aystem components as determined from
barmonic analysis of experimsntal transient response to ramp-type disturbances in spesd
gsettlng with constant fuel flow znd as approximated by transfer functioms for turbine-
propeller engine and turbine-spesd -~ blade-angles control system.
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{(f) Oontrol phase angla relation.

Figurs 4., -~ Conoluded. Frequency characteristic of system can'ponentu an determined from barmonic apslysle of sxporimental
trensient response to remp-type disturbances in speel setting with oonstant fuel flow and as approximated by tru.mlfer

functions for turbins-propeller engine and turbine-speed - blade-angle cemtrol system,
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Figurs 5. - Calibration of turbine-sveed - blade-angle control.
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Flgurs 5. - Concluded. Callibration of turbine-speed -~ blade-angle control.
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~———— Analog solnticn
—~—— Exporimentel responss
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1.0

Flonl spesd change, parcant
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!
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§

1

14

Time, mec

() Turbine spesd. K, 0.0084 deg B/roe; Xy, 0.0058 {deg B/wec)/rpm; T,, L.85 meo} turbina-spesd changs, 11,940 to 12,410 rpm;
blede-angle ohange, 30.3° to 28.1%; losd-torqne chenge, 504 to 485 fogt-pounds,

Flgeore €. - Couperison of experimental trangient responae and enalog solntious to remp-typs digtmbances in speed setting with constaot
fuel flow for trbine-propellsr engine and turbine-spesd - blsde-angle control systen. (Analog solution determinal from harmocio

analysis and trenwfer Mnoticn epyproxcwtilon.)

ez

82

S0ETSH WS VOV



2124

~=—=—= Analog aclution
Exporimantal respocse
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{b) Blade angla. X, 0.0084 deg f/rom; X;, 0.0066 {dog E/ooc ) from; Tgs 123 mecy tapbipe-apssd changs, 11,840 to 12,410 rpe;
biode-angla changs, 50.3° to 28,1°; load-torque change, 504 to 465 foot-pounds,
Maure 8, « Continued, Comparlem of experimental tremsient regponse and amalog soluticms 4o ramp-type disturbances 1o apesd setting with

oonstant foel flow for turbins-propsller engine apd turbins-spesd = hlade-angla coutyo) syetenm,
barmonic snalysis and trensfer function approximation.)

(Aoalog solutian detsrminsd from
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(c) Turbine wposd. K, 0.0040 deg Pfrpm; Ky, 0.0052 (dsg B/wec)/rpm; %, 1,25 sec; turbins-speed change, 11,440 to 12,080 rpm;
blads-angle ohnge, 28.4° o 23.4°; load-tarque changs, 333 fo 279 foot-pounda,

Figore 6. - Continusd. Cooparison of experimental trensient respouse and apalog solotions to remp-type dlsturbances in spoed antting with
obnstant fusl flow for torbine-propellsr engine and turbine-spssd - bHlade-angle oootrol sysbem. (Anelog molution deternined froa
raymonio analysis sod trensfer funcblon appraximetion.)
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(d) Blede angle, K,, 0.0040 dag B/rpm; Ky, 0.0032 (deg B/wec)/rpm; To, 1.25 src; turbine-spoed change, 11,440 to 12,080 rpm;

hlade-angls ehange, 28,4° to 23,4%; Joed-torque changs, 355 to 279 foot-pounda.

Figure 6. - Concluded. Comparison of axperimental transiesnt responss and mnalog sclutions to :wlp-typ'e distwrbances in apeed setting with

oonstant fusl flow Tor twrhive-propalisr engine and turhine-spesed - blade-angle control system.
harmonic enalysis end trensfer function approscimation. )}
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Final spead change, percent
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Flgure 8. ~ Camputed altitude transient response of turbine speed and blade angle for
turbine-propeller engine and turbins-speed - blade-angle control system with fized-
control constanta.
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Figuwe 8., - Cancluded. Camputed altitude traneient response of turbins spesd and blade angle for

turbine~propeller engine and turbine-epeed - blade-angls ocortrol system with fixed-combrol

oongtanta.
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ontrol constants varied to maintain mea-level turbine-speed response E
at 35,000 ft. t
Control constants varied to maintaln sea-level loop gein and ratlo of
engine time oonstant to control time constant at 35,000 ft.
L00H-
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Figure 9. - Computed turbine speed and blade angle translent response at sea level and
35,000 feet of turbine-propeller engine with turbine-speed - blade-angle comtrol
syatem for various values of control constants.
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Sea-level response.

200 Control constants varied to meintain ses-level turbine-speed response

at 35,000 ft.

Control, constants varied to maintain sea—levqi loop gain and ratio of

engine time constant to control time constant at 35 ,000 ft,
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Figure 9. - Concluded. Computed turbine speed and blade angle transient respomee at sea level and
35,000 feet of turbine-propeller engine with turbine-speed - blade-angle control system for
various values of control constants.
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